Abstract The organic compounds of p-nitrophenol (PNP) solution was treated by the active species generated in a stirred reactor by an atmospheric pressure plasma jet (APPJ). The emission intensities of hydroxyl (OH), oxygen (O), nitric oxide (NO), hydrogen (H) and molecular (N2) were measured by optical emission spectroscopy (OES). The relations between the flow rates of the PNP solution and degradation, the degradation effects and initial pH value of the solution were also investigated. Experimental results show that there exist intense emissions of O (777.1 nm), N2 (337.1 nm), OH (306-310 nm) and NO band (200-290 nm) in the region of plasma. Given the treatment time and gas flow rate, the degradation increased as a function of discharge energy and solution flow rate, respectively. The solution flow rate for the most efficient degradation ranged from 1.414 m/s to 1.702 m/s, and contributed very little when it exceeded 2.199 m/s. This indicates the existence of diffusion-controlled reactions at a low solution flow rate and activationcontrolled reactions at a high solution flow rate. Moreover, increasing or decreasing the initial pH value of neutral PNP solution (pH=5.95) could improve the degradation efficiency. Treated by APPJ, the PNP solutions with different initial pH values of 5.95, 7.47 and 2.78 turned more acidic in the end, while the neutral solution had the lowest degradation efficiency. This work clearly demonstrates the close coupling of active species, photolysis of ultraviolet, the organic solution flow rate and the initial pH value, and thus is helpful in the study of the mechanism and application of plasma in wastewater treatment.
Introduction
During the last few years, a great deal of research has been devoted to non-thermal atmospheric pressure plasmas in and in contact with liquids.
As a new and promising technology in environmental protection [1, 2] , non-thermal atmospheric pressure plasma has a good application prospect in wastewater treatment and has drawn more and more attention in related fields, such as the degradation of organic compounds [1, 3, 4] and inactivation of bacteria [5] . The interaction processes of plasmas in and in contact with water may generate intense ultraviolet (UV) radiation, shock wave, ions, molecular species (H 2 , O 2 , and H 2 O 2 ), and reactive radicals (such as O, H, and OH) [1,5−8] , where the radicals (such as OH and O) are the most important oxidants in wastewater treatment [9−12] . Generally, the discharge in water is very difficult, and the active species of discharge are mainly generated from the dissociation of air and water molecules in the region of plasma [6, 13] . Also, the lifetime of active species is very short (of the order of nanoseconds) [13] , which leads to low efficiency in water treatment via plasma.
In this work, an APPJ plume was immersed in an organic solution and the generated active species were sprayed into the organic solution of p-nitrophenol (PNP) in a quartz reactor. In order to obtain higher efficiency, we used a stirrer to add to the flow rate of an organic solution, which makes the active species impregnate into the water completely and contact well with the organic molecules.
In this paper, the effects of the solution flow rates, the solution pH values, the discharge energies of APPJ, and the treatment time on the degradation of an organic solution were investigated systematically. The spectra intensity of the main active species in the region of plasma jet was also studied via optical emission spectroscopy (OES). This work may well help to develop new technologies for wastewater treatment.
Experimental details 2.1 Experimental setup
Stabilizing and controlling atmospheric pressure air plasmas is a key technology in applications of nonthermal plasma, and the plasma condition in liquids is more intricate than in gas phase [1] . In this study, an APPJ with stable discharge was used to treat the organic solution in the liquid.
The schematic diagram of the experimental setup is shown in Fig. 1 . The experimental system used in this investigation mainly consists of a stirred reactor, an APPJ, an air compressor, and a series of measurement instruments (for discharge voltage, discharge current, gas flow, solution flow rate and APPJ spectra). The schematic of the stirred reactor of the atmospheric pressure air plasma jet within a three-neck quartz flask is shown on the left part of the diagram. The steps are as follows. The organic solution is poured into the quartz flask reactor and a rotational stirrer is connected with a variable speed motor. The nozzle of the APPJ is immersed into the organic solution and the used gas is exhausted from the gas outlet on the flask.
The internal diameter and capacity of the threeneck quartz flask reactor are 85 mm and 250 mL respectively. The inset-rotating-stirrer is made of polytetrafluoroethylene (PTFE) material and it can adjust the solution flow rates from 0 m/s to 3.142 m/s precisely via a variable speed motor and photoelectric tachometer. The nozzle of the APPJ reaches the bottom of the quartz reactor in the process of treatment. The air compressor provides the working substance with the air flow for APPJ. The air flow rate can be measured with a gas flow-meter and adjusted from 15 to 30 liter per minute (LPM). In the quartz reactor, the optical emission of the APPJ underwater can be collected and sent to the spectrometer through an optical fiber. In this arrangement, active species of hydroxyl radical (OH), atomic oxygen (O), ozone (O 3 ), hydrogen peroxide (H 2 O 2 ), hydroperoxy radical (HO 2 ), etc. are produced in the quartz reactor from the APPJ in and in contact with water [1] , which will oxidize the organic compounds [3] . The speed-adjustable stirrer controls the solution flow rate, which can affect the collision probability of the active species and the organic molecules. Meanwhile, the interaction between the rapid flow rates of the solution and the gas can enhance the concentration of reactants (such as OH, O, O 3 and H 2 O 2 ) and ensure the reaction efficiency in the solution. Fig. 2 shows a schematic diagram of the APPJ. Similar to other studies [14, 15] , the plasma device is an atmospheric-pressure plasma jet (Plasmatreat, Open Air PFW10), which consists of a conical inner copper electrode and a grounded outer electrode with a nozzle of 6 mm diameter. The aluminum body consists of two parts of cylinders with outer diameters of 24 mm and 40 mm, respectively. The atmospheric air of the working gas is injected into the annular space between the electrodes in the range from 15 LPM to 30 LPM. A high-speed and rotating air flow passes the gap between the inner and outer electrodes, which prevents non-uniformity of the current density of the discharge. In the region of the APPJ plume, the external diameter and length are about 10 mm and 30 mm respectively. 
where E(t) refers to the discharge energy of the APPJ. u(t) is the function of discharge voltage, and i(t) is the function of discharge current. In Fig. 3 (a) and (b), the energies per discharge period are about 38 mJ and 43 mJ, which can be calculated from Eq. (1).
(a) About 38 mJ/period in discharge energy, (b) About 43 mJ/period in discharge energy Fig.3 Typical waveform of discharge voltage and current
Experimental methods and analysis
OES was used for detecting the spectra emission intensities of active species, such as OH, O and NO from the APPJ plume via a deep UV spectrometer. The absorption spectrum was used for detecting the concentration of the PNP solution to investigate the degradation rate of solutions, with an ultraviolet-visible spectrophotometer.
A water-soluble organic substance of p-nitrophenol (PNP) was used in this investigation, which is known to be a harmful organic compound in the environment. The solution containing 100 mg/L of PNP was prepared by dissolving analytical grade PNP in de-ionized water.
In each run, 100 milliliters (mL) of prepared solution was poured into the quartz reactor, which was then treated with APPJ. At this time, the discharge energy was from 30.5 mJ to 43.0 mJ per discharge period with the flow rate varying from 0.314 m/s to 3.142 m/s. The air flow rate of APPJ was chosen so as to get the maximum optical emission relative intensity of OH radicals and O atoms. The solution flow rate was measured by a photoelectric tachometer (FLUKE, F931). The initial pH value of the solution was measured by a pH meter (METTLER TOLEDO, SG78-B). The air flow rate was measured by a Venturi gas flow-meter (Shanghai Hengman Automation Instrumentation Co., Ltd., HMJL-DN-15). The optical emission intensity was analyzed by OES with a deep UV spectrometer (Ocean Optics, Maya2000 Pro., with a resolution of 0.1 nm). The concentration of PNP was analyzed via the absorption spectrum of both treated and untreated samples by an ultraviolet-visible spectrophotometer (PGENERAL, T6S).
The decomposition rate of the organic compound was then evaluated from the ultraviolet-visible spectrophotometer measurement. With the same organic solution, their concentrations are proportional to the absorbance. The calculation formula is as follows:
where η is the decomposition rate, c 0 and c 1 are the concentrations of the feeding solution and for the treated solutions, and A 0 and A 1 are the measured absorbance peak points of PNP for the feeding solution and for the treated solutions, respectively. As for the PNP solution, the absorbance peak of characteristic wavelength is 317.80 nm (see Fig. 4 ). The volatility of PNP should be considered in the condition of the high flow rate of air and liquid. We collected the volatilization of the PNP solution and dieionized by treatment of the APPJ, and compared the absorption spectra to the PNP solution and deionized water. Fig. 4 shows the comparisons of absorption spectra of the volatilization of PNP solution, the volatilization of deionized water, the original PNP solution and the deionized water. We did not find an absorbance peak of the characteristic spectra in the volatilization of the PNP solution in the condition of the high flow rate of air and liquid in APPJ treatment. The characteristic absorption spectrum of the volatilization of the PNP solution is similar to that of deionized water. We concluded that the volatility of PNP is negligible in the experiment. The energy-efficiency ratio of the organic compound degradation versus energy per discharge period is calculated by:
where S e is the energy-efficiency ratio, c 0 and c 1 are the concentrations of PNP for the feeding solution and for the treated solutions, respectively. V l is the volume of the treated solution, and E(t) is defined by Eq. (1).
3 Results and discussion
Spectra of APPJ in contact with water and the main reactions
In this study, the air flow rate is 25.0 LPM, the discharge energy is 38.0 mJ per discharge period and the initial pH value of the organic solution is 2.86. Fig. 5 shows the OES data in the emission intensities of the APPJ varying from 200 nm to 950 nm, which was measured by a deep UV spectrometer. The main emission intensities of OH, H, O, NO and N 2 could be observed.
In this investigation, a band of the OH spectrum (306.2 nm to 320 nm, A 2 Σ → X 2 Π) was observed, which was similar to the results obtained by Can-Hua Zhou [16] , Charles de Izarra [17] and Yang Qian-Suo et al [18] . Other OH spectra are observed on 282.0 nm of A 2 Σ + (ν=1) → X 2 Π(ν=0), 306.8 nm and 309.2 nm of A 2 Σ + (ν=0)→ X 2 Π(ν=0) [9, 19] . Weak OH emissions are observed on 620.0 nm and 927.0 nm of the second and third of 309.0 nm [9, 20] . A band of wavelength from 370 nm to 400 nm for intense O atoms spectra were observed [21] , which are the ionized oxygen atoms (O + ) for 3p( 4 S 0 )→3s( 4 P) with 371. ) existed in the plasma plume [22] . In the region of the OH band from 306 nm to 320 nm, another line of N 2 (315.7 nm) [9] was observed. Two other bands with wavelengths from 200 nm to 290 nm for NO [9, 23] and 297.6 nm to 357.7 nm for NO-β [5] were observed, and the molecular N 2 (337.1 nm) [22] existed in the plasma plume. The highest intensity of N 2 (337.1 nm) is the emission from the N 2 second positive (N 2 -SPS), which excited a band of NO-β emissions (297.6 nm, 315.7 nm, 357.7 nm and 378.9 nm).
As an electrode material, the copper emission spectra of Cu I (296.1 nm and 324.8 nm) [17] , Cu atoms (510.6 nm, 521.8 nm and 515.3 nm) [24] , and Cu + ions (3d 10 →3d 9 4S, 377 nm and 379 nm) [25] were observed. Among the spectra from 200 nm to 950 nm, the emissions of 471.9 nm and 352.1 nm nm were not observed in this study.
In this experimental setup, the electron mean energy was low (3-10 eV) [15] , and OH, O, O 3 and H 2 O 2 active species were produced via the following main types of reactions.
Water molecular direct dissociation by electron impact [10, 19, 26, 27] :
Water molecular dissociation by excited O(1D) [10, 26, 28] : 
The O atoms of the excited state reacted with molecular N 2 , and produced NO and N radicals. Meanwhile, N atoms reacted with OH radicals, and produced NO and H radicals. The equation can be expressed as follows [19] :
With third molecule M (N 2 or H 2 O) facilitating as a heat energy carrier and the high concentration of O 2 within the region of APPJ, any O atoms would get converted to ozone. The equation can be expressed as follows [13, 29] :
Combination reaction of OH radicals could produce
Photolysis of H 2 O and O 2 were due primarily to the absorption of different wavelengths of ultraviolet, which could be generated by the additional active species of OH, H and O. The series of reactions can be expressed as follows [13] :
With the OES, the APPJ in and in contact with water, the emission lines of active species of OH, H, O and NO radicals were observed. In addition to these primary species, ozone with high concentrations was detected as a result of various secondary reactions. These highly reactive species are generally considered to be the most effective reagent in attacking cells or organic material [9, 10, 22] .
3.2 Effect of solution flow rate and discharge energy Fig. 6 shows a sketch of a solution flowing across the plasma region with the stirrer stirring in the quartz flask reactor. According to the parameters of the jet nozzle size (6 mm diameter) and the gas flow rate (25 LPM), the gas flow velocity rate could be calculated to be about 22.000 m/s. As the densities of the solution and gas had a great one thousand times difference in this work, the gas flow had a very limited effect on the solution flow rate. The relationship between the revolutions per second and the revolutions per minute is given as:
The angular velocity of circular motion of an organic molecule is given as:
The solution flow rate (the velocity of circular motion) is given as:
Then, the through-time of an organic molecule passing the plasma region can be found as follows:
Here, N is the revolutions per minute, which was measured by a photoelectric tachometer. n is the revolutions per second of the stirrer. d is the size of the plasma plume region. In this experimental setup, the geometric size with d ≈10 mm, R ≈30 mm, N =500 RPM to 1000 RPM are known. The solution flow rate and the through-time can be calculated, and they were approximately 1.571 m/s to 3.142 m/s and 6.37 ms to 3.18 ms, respectively. In order to study the effect of the wastewater flow rate and discharge energy of cycling treatment for the degradation process of an organic solution, the experimental parameters were set as follows. The initial pH value of the solution was adjusted to 2.86. The air flow rate was adjusted to 28.0 LPM. The treatment time was fixed to 5 min. The discharge energy was set to 33.0 mJ, 38.0 mJ and 43.0 mJ per discharge period, respectively. Then the solution flow rates were changed from 0.314 m/s to 3.142 m/s, and the corresponding concentrations of treated and untreated organic solutions were measured by absorption spectra. Fig. 7 shows the effects of solution flow rates and discharge energies on the degradation efficiency for organic wastewater treatment. Under the same treatment time and discharge energy, with higher solution flow rates, the degradation efficiencies of PNP solutions were significantly larger than those with lower ones. With the solution flow rate ranging from 1.410 m/s to 2.040 m/s, we can achieve the best degradation efficiency. With solution flow rates higher than 2.199 m/s, no further contribution to the degradation was observed. Also, the degradation rates of PNP increased with the increase of the discharge energy. In this investigation, the produced active species of OH, O, O 3 and H 2 O 2 were the main oxidizing reagent for the degradation of organic compounds, and the products of PNP degradation were the mixture of carbon dioxide, carbon, nitric acid and water [1, 3] . The oxidation potential from high to low of the active species was OH, O, O 3 , H 2 O 2 and HO 2 under the same condition. For example, when the pH equaled 7.00, the oxidation potential of OH, O, O 3 , H 2 O 2 and HO 2 were 2.80 V, 2.42 V, 2.07 V, 1.77 V and 1.70 V, respectively [6, 20] . As for the reasons for the dependences of the PNP degradations on the cycling solution flow rates, there might exist closely coupled factors as follows:
a. On one hand, there were correlations of degradation reaction dynamics among low, middle and high flow rates of the organic solution.
As a cage effect, the organic molecules and active species were encaged by a large number of water molecules for the organic compounds solution. Degradation reactions could react only among the encounter couples [31] . On the basis of the collision theory, the impact parameters between active species and organic molecules increased with increasing the solution flow rate in the stirred flow reactor.
In the region with a low solution flow rate (from 0.314 m/s to 1.570 m/s), it was the diffusion-controlled reaction [32] , so the lowest energy (threshold energy) of activation was needed and the reaction rate was faster than the diffusion rate. As the flow rate of the solution increased, more active species and organic molecules could become the encounter couples, which could increase the degradation reaction rate.
In the region with a high solution flow rate (from 2.198 m/s to 3.142 m/s), it was the activationcontrolled reaction [32] , so the impact energy was lower than the threshold energy and the reaction rate was slower than the diffusion rate. As the solution flow rate increased, the degradation reactions could not be enhanced even though more active species and organic molecules could become the encounter couples.
In the region with a middle solution flow rate (from 1.570 m/s to 2.199 m/s), there were both the diffusioncontrolled reaction and the activation-controlled reaction, and the reaction rate was approximately equal to the diffusion rate.
b. On the other hand, the consecutive reactions needed to be considered in the stirred flow reactor, which caused the hydrogen-peroxide-enhanced process. The interaction of O 3 and H 2 O 2 could favorably produce hydroxyl radicals in the so called hydrogenperoxide-enhanced process [6, 33] . Accompanied with the stirrer in the reactor stirring rapidly between water and gas flow, the produced ozone, hydroxyl radical and atomic oxygen from reactions (4), (5) and (11) formed more H 2 O 2 as follows [3, 6, 29, 30] :
Then, more production of reactions ( (19)- (22)) of H 2 O 2 and HO 2 crossed the region of APPJ with the increase of the solution flow rate. Photo dissociation occurred with the absorption of intense ultraviolet, which produces more OH radicals. A series of reactions took place as follows [13] :
With the high-speed solution flow rate in the reactor, ozone could be well mixed with hydrogen peroxide of reaction (12) , (21) and (22) , which could lead to the generation of more OH radicals [6, 32] :
The enhanced oxidation process by a rapid solution flow rate could contribute to and provide a high level degradation of the PNP solution. So a high solution flow rate could contribute to the collision frequency of organic molecules and active species. As a result, the reaction rate increased, and the degradation rate of organic molecules in the solution increased. However, a higher solution flow rate (more than 2.199 m/s) could not increase the degradation any more. Fig. 8 shows the degradation efficiency-energy ratio of the PNP solution versus the discharge energy. The degradation efficiency-energy increased with the increase of the discharge energy from 30.5 mJ to 38.0 mJ per discharge period. With a small increase from 38.0 mJ to 43.0 mJ per discharge period, a maximum ratio point appeared at 38.0 mJ per discharge period. On the maximum ratio point, the degradation efficiency reached 0.135 mg/J, which equals 486 g/kWh. The result can be explained with the reduced electric field in the region of the plasma jet [2] , which can be described as follows. The APPJ device was arc discharged, the discharge current increased with the increase of the discharge energy in the discontinuous discharging state (see Fig. 3(a) ). The electron density increased with the increase of discharge current in the region of the plasma plume, which led to more degradation in the range from 30.5 mJ to 38.0 mJ per discharge period.
Because a limited power of HV supply was available, the discharge voltage decreased with a constant increase of the discharge energy, which tended to the critical state of continuous discharge (see Fig. 3(b) ). Although this could increase the electron density, the lower levels of discharge voltage led to electrons with lower energy levels in the plasma plume. The efficient production of O and OH radicals (reaction of (4)- (5)) was decreased due to the collision between water molecules and low energy level electrons. This can explain the decrease of degradation with the increase of discharge energy from 38.0 mJ to 43.0 mJ.
Effect of pH value and treatment time
The initial pH value of the organic solution is 5.86 (the original PNP solution with 100 mg/L). In order to study the effect of the initial pH value of the solution on the degradation process, it has been adjusted to 2.86 and 7.22, respectively. Then, the air flow with 25.0 LPM, the discharge energy with 38.0 mJ per period, and the solution flow rate with 2.040 m/s has been kept. The treatment times from 0 min to 12 min versus degradations and pH values were investigated, and the results are shown in Figs. 9 and 10 . Fig. 9 shows the relationship between the degradation efficiency of PNP and the initial pH value of the solution. The results indicate that either increasing or decreasing the pH value of the original solution (with pH=5.86) can increase the value of the degradation of PNP in water, which can be explained as follows. On one hand, the oxidation capacity of OH radicals within the plasma plume was the strongest in the acidic condition and the weakest in the alkaline liquid. On the other hand, the interaction between alkaline liquid and ultraviolet could promote the degradation [8, 34] . The possible reasons are described below. Firstly, the ultraviolet led to the photolysis of H 2 O (reaction of (23)) and produced OH and H radicals. The concentration of hydroxide ions (OH − ) was higher than that of hydrogen ions (H + ) in the alkaline liquids, and the sufficient amount of OH − could react with H radicals and produce the hydrated electron (e − aq ). Furthermore, the hydrated electron could react with H 2 O 2 and HO 2 , which produced more OH radicals [34] . In addition, the electron impacted the acidic and alkaline liquid, which could generate more active species than the neutral liquid (due to the effect of the dielectric constant of the PNP solution). Moreover, an acidification and alkalization solution would increase the ion concentration. The dielectric constant of the solution decreased when the concentration of ions increased; a smaller dielectric constant is more conducive to an electrostatic interaction in the solution.
In addition, Fig. 9 shows another fact that the degradation increased rapidly in the first 8 min and increased slowly after 8 min. The phenomenon could be explained by the fact that after the reaction proceeded for a while, the number of organic molecules were removed constantly, which led to the decrease of 'encounter coupling' by diffusing and decreasing the reaction rate. The pH values of all of the treated solutions were changed significantly, being more acidic than the initial one within the first 4 min of treatment time, especially in the first half minute, while the change was not so obvious from 4 min to 12 min. The reason could be the fact that there were some acidic substances produced in the solution. Fig. 11 shows the comparison of the absorbance spectra for a H 2 O 2 , HNO 3 , H 2 O 2 -HNO 3 mixture (with 1:1), and APPJ treated H 2 O and PNP solution. The absorbance spectrum of de-ionized water and the PNP solution for APPJ treated for 5 min was very similar to the absorbance spectra of HNO 3 . Fig. 12 shows the comparison of the Raman spectra for a H 2 O 2 , HNO 3 and APPJ treated solution. Three bands at 1047 cm −1 , 1300 cm −1 , and 1750 cm −1 of HNO 3 [35] , which were observed in the Raman shift of the productions of H 2 O and PNP solution for APPJ treated for 5 min, were recorded using the 785 nm laser as an excitation line, and enhanced by using the SERS (Labguide Co., Ltd.). It demonstrates the existence of HNO 3 in the treated de-ionized water. The production process of HNO 3 can be partially explained by the reaction among NO, H, HO 2 and H 2 O. The catalytic effect of NO on exhaustion H is mainly via the following reactions [36] :
NO 2 + H ↔ NO + OH (27) Reactions of (4), (10) and ( (9)- (20) Reaction (29) produced HNO 3 and led to the formation of an acid liquid [28] .
Conclusion
In this investigation, APPJ in a stirred reactor was used to generate active species to treat organic wastewater containing PNP. The experimental results show that the method of APPJ is an effective technique for organic compound degradation. With the same treatment time, the efficiency degradation increased with increasing the applied power and stirred revolutions. It is found that the organic solution flow rate of 1.414 m/s to 1.702 m/s could give the best result in degradation, and the solution flow rate higher than 2.199 m/s could not enhance the degradation further. The degradation efficiency-energy ratio increased with the increase of discharge energy from 30.5 mJ to 38.0 mJ, and more than 38.0 mJ could not increase the efficiency-energy ratio further. Increasing or decreasing the pH value of the original solution could increase the efficiency of the degradation of PNP in water. During the treatment process of APPJ, acidic substances were generated. Therefore, this method provides a reference of the flow rates for cycling wastewater in the industrial applications to wastewater treatments. Atmospheric pressure plasma (APP) in the water and the distribution of active species in the flowing liquid are valuable topics for wastewater treatments. We will carry out further investigation in this area in the near future.
